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Nano-Carbon Electrodes for Thermal Energy Harvesting
Mark Romano, Joselito M. Razal, Dennis Antiohos, Gordon Wallace∗, and Jun Chen∗
Intelligent Polymer Research Institute, ARC Centre of Excellence for Electromaterials Science,
Australian Institute of Innovative Materials, Innovation Campus, University of Wollongong,
Northﬁelds Avenue, Wollongong, NSW 2522, Australia
Thermogalvanic cells are capable of converting waste heat (generated as a by-product of almost all
human activity) to electricity. These devices may alleviate the problems associated with the use of
fossil fuels to meet the world’s current demand for energy. This review discusses the developments
in thermogalvanic systems attained through the use of nano-carbons as the electrode materials.
Advances in cell design and electrode conﬁguration that improve performance of these thermo
converters and make them applicable in a variety of environments are also summarized. It is the aim
of this review to act as a channel for further developments in thermogalvanic cell design and
electrode engineering.
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1. INTRODUCTION
1.1. The World’s Energy Problem
The availability of energy is crucial in economic development as has been shown in past studies.1 Increased energy
consumption is becoming necessary to generate (and sustain) more wealth, as can be seen in the correlation of
greater production output through the use of high powered

automated machines and equipment. This is depicted in
Figure 1 which shows the growing rate at which energy is
being consumed between 1982 to 2007.2 Most of the
world’s energy comes from fossil fuels (coal, oils, and gas).
Burning of these fuels has a negative environmen- tal
impact, from CO2 emissions to global warming.3 With the
increasing rate of energy consumption, especially in
developing countries, the ﬁnite nature of these resources
presents an additional problem.4 Technological improvements in renewable energy sources may lead to a decrease
in the use of fossil fuels. Furthermore, alternative energy
sources need to be developed in order to sustain the quality of life we have currently attained and to facilitate future
economic development.5 One such source is thermal energy,
which may be obtained from geothermal sources and as a
by-product of almost all human activity.
1.2. Various Unharnessed Waste Heat Sources
Low grade heat (normally around 130 ×C) or waste heat is
produced in our everyday activities, particularly during
energy conversion. For example, when thermal energy is
transduced to mechanical work by heat engines, excess heat
is always produced. This fact is supported by the second law
of thermodynamics, which states that no heat engine can
attain 100% efﬁciency.6 By simply turning on a car engine,
waste heat is created and dissipated into the environment
via a hot exhaust pipe. Another example
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resulting in decreased operational costs. Recently, ﬂexible
thermocell electrodes have been developed thus allowing
this device to be conformed into various shapes wherein
waste heat may be sourced.15 However, initial studies on
thermogalvanic cells result in low power conversion efﬁciency. Commercial viability of thermocells may be possible if an efﬁciency relative to a Carnot engine between 2
to 5% is attained.16 Recent developments in the use of nanocarbons as thermocell electrodes have resulted in signiﬁcant increases in performance, allowing these devices to
attain the target efﬁciency for commercialization.17
Figure 1. World’s energy consumption from 1982 to 2007. Reprinted with
permission from [2], G. Giacomelli, Radiation Measurements 44, 707
(2009). © 2009, Elsevier Ltd.

is the Wartsila-Sulzer RTA96-C turbocharged two-stroke
diesel engine, reputed to be among the most efﬁcient in the
world. However, only 50% of the energy in the fuel can be
converted to useful motion, with the remainder end- ing up
as waste heat.7 Waste heat is generated in factory operations,
particularly from heated product streams, com- bustion
gasses that are discharged to the atmosphere and hot
equipment surfaces; to name a few. Mining, smelting, paper
production, and the extraction of oil and gas are examples
of industries that produce excessive waste heat.
1.3. Devices Capable of Harvesting Waste Heat
Progress in the ﬁeld of low grade thermal energy conversion can lead to more effective use of the ever-present
energy source that is waste heat. Devices capable of harnessing waste heat would be able to provide supplemental power to current energy conversion systems and help
address the challenges of climate change and the ﬁnite
nature of fossil fuels.8 In 1964, Wartanowicz conducted
a theoretical analysis on a thermoelectric generator, i.e.,
a device to convert heat to electrical energy.9 Since then,
other systems capable of transducing waste heat into electrical power have been developed. Examples are ferromagnetic materials, thermocouples and thermionic converters.
However, these thermo converters yielded extremely low
conversion efﬁciencies.10–12 Advances in the more popular thermoelectric devices have been hampered by its high
initial cost and material limitations.13 Another drawback
to thermoelectrics is their inﬂexible nature, limiting their
applications to ﬂat surfaces.14 Scenarios wherein waste
heat is generated from curved or irregularly shaped surfaces, i.e., heating/cooling pipes or exhaust pipes on automobiles, would be inapplicable to thermoelectric devices.
Thermogalvanic cells, also known as thermocells are
electrochemical systems that can directly transduce thermal energy to electrical power at potentially low cost. These
devices have zero carbon emission therefore will not
exacerbate environmental issues associated with the
generation of electrical power. Long term operation is possible in thermocells without the need for regular maintenance as these devices have no moving mechanical parts;

2. THERMAL ENERGY HARVESTING
2.1. How a Thermocell Works
A thermocell is a non-isothermal electrochemical cell that
is able to directly convert thermal energy to electri- cal
power.18 It has two electrodes that are immersed in
a
redox based electrolyte. Exposure of the two half-cells of a
thermogalvanic system to a thermal gradient induces a
difference in redox potentials of the electrolyte at the anode
and cathode.19 This potential difference drives elec- trons
through an external circuit and facilitates the produc- tion
of electrical energy.16, 20 Various redox couples have been
utilized in thermocell applications, however the best results
have been obtained through the use of ferri/ferro cyanide.21,
22
This is because of the large voltage that is produced at a
given temperature difference, also known as the Seebeck
coefﬁcient. A schematic of a thermocell with this redox
couple is shown in Figure 2.
As can be seen in Figure 2, the oxidation of ferro cyanide
allows the extraction of electrons at the anode. These
electrons travel through an external circuit and are
consumed at the cathode through the reduction of ferri
cyanide.23 Diffusion and convection facilitate the mass
transport needed to prevent accumulation of reaction products at either half-cell allowing thermocells to operate in a
self-sustaining manner.16, 24
As with any heat engine, a thermogalvanic cell is driven
by the transport of entropy from a region of elevated
temperature to a region of low temperature. 20 The thermoelectric power or Seebeck coefﬁcient (�V /�T ) of a
material is the amount of thermoelectric voltage gener- ated
in response to a temperature difference across it. It is

Figure 2. Ferri/ferro cyanide redox thermogalvanic cell.
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dictated by the structural entropy induced by ion and solvent interactions.25 It must be noted that the term thermoelectric power is a misnomer since it is not concerned
with power production but instead gives the electric ﬁeld
induced by differences in temperature. Assuming the hypothetical redox system A ne
occurs in the thermo- cell,
+ − B↔
the Seebeck coefﬁcient may be expressed as shown
in Eq. (1).26

�V
nF

∗

∗

The thermal power ﬂowing through the cell ( Q/ T ) is
largely controlled by cell design and electrolyte selection.
It may be expressed as:30
Q = f +f

¯

= SB + SB ) − SA + SA ) − nS̄e

�T t=oo

The power conversion efﬁciency (<P) of a thermocell is
given by Eq. (4).29
Electrical power output
<P =
(4)
Thermal power ﬂowing through the cell

(1)

Where V represents the electrode potential, T is temperature, SA and SB are the partial molar entropies of species A
and B accordingly, with their respective Eastman entropies
of transport denoted by SA∗ and SB∗ , n is the number of
electrons involved in the redox reaction, F is Faraday’s
constant, and S̄e is the transported entropy of electrons
in the electrodes. The Eastman entropy of transport may be
attributed to the interaction of an ion and its hydra- tion
shell with the solution. Ions in thermogalvanic cells carry
both their partial molar entropy and Eastman entropy of
transport into the half-cell as each ion is consumed in
one half-cell and produced in the other. It must be noted
that Eq. (1) is valid for conditions wherein sufﬁ- cient time
has been allowed for the thermocell to reach steady-state.
The Seebeck coefﬁcient is initially higher than the steadystate value as molecules around the hot electrode move
faster than those surrounding the cold elec- trode, a
phenomenon known as the Soret effect. Due to the Soret
effect, concentration gradients develop in the ther- mocell
wherein the concentration of reactants is higher at
the cold side. Despite this, it is common practice to use
the initial temperature dependence for two reasons: First,

T

i

(5)

r

Where fi is the rate of heat ﬂow from the hot electrode to the
cold electrode induced by thermal conduction and fr is the
rate of heat transfer induced by the reversible heat of the
cell reaction. The expression for the thermal power ﬂowing
through the cell can be expanded to give:28
Q

= KA

�T

+

IT�S

(6)

T
d
nF
Where K is the thermal conductivity of the electrolyte, A is
the electrode cross sectional area, �T is the thermal gradient across the distance (d) between the two electrodes, I
is the cell current, �S is the entropy of the cell reac- tion, n
is the number of electrons transferred and, F is the Faraday
constant.
Inclusion of the reversible heat of cell reaction is only
valid for thermocells wherein there is a net consumption of
electrolyte. For thermogalvanic cells wherein the hot and
cold electrodes are periodically switched or when a
reversible redox couple is used, no net consumption of the
electrolyte occurs. The expression for the thermal power
ﬂowing through the cell can be simpliﬁed to:28
Q

�T

(7)

= KA d
T

the ﬁnal steady-state value of the Seebeck coefﬁcient has
been shown to take extended periods, even days to be
achieved.27 Second, systems that have a Seebeck coefﬁcient large enough to be useful in thermocells have East-

It has been shown by Anderson et al.30 that Eq. (7) is a
reasonable approximation to Eq. (6) as very little chemical
reactions occur in thermocells.
Figure 3 depicts the qualitative behaviour of current and

man entropy of transport values
that are small compared
to their partial molar entropies.28 This allows Eq. (1) to be

voltage in thermocells with external resistance (r

expressed as:16

Based on Figure 3, the maximum electrical output
power (Pmax) is given by Eq. (8).29

nF

�V
�T t=0

= SB − SA − nS¯e

(2)

(8)

Where Voc is the open circuit voltage and Isc is the short

For most thermocells, S¯e is usually inﬁnitesimal. For
example, copper leads result in S¯e < 2µ,V /□.28 Equa- tion
(2) can now be approximated by:

�V
�T t=0

Pmax = 0 25VOCISC

ext ).

SB − SA
nF

(3)

circuit current. Rearranging Eq. (3), we can see that Voc is
dictated by the reaction entropy of the redox couple (�SB,
A ) and the temperature difference ( �T ) to which thehalfcells are exposed to as shown in Eq. (9).16
VOC =

�SB, A�T
nF

(9)

The power output of thermogalvanic cells is dictated not
only by �V /�T but also by several overpotentials common in electrochemical cells which will be discussed later
on.

Short circuit current densities for thermocells cannot be
reliably calculated using the Tafel equation.31 This is due to
the difﬁculty of reproducibly measuring exchange currents,
wherein there is signiﬁcant variability from one

Figure 4. Potential–current (E–I ) curves for thermogalvanic cells, ABCD
typical, AED ideal cell behaviour.

Figure 3. The typical dependencies of the current (I ) on the effective
voltage (U ), internal resistance (r ) and the useful power on the exter- nal
resistance (rext ) Reprinted with permission from [29], V. S. Artjom,
Electrochim. Acta 39, 597 (1994). © 1994, Elsevier Ltd.

research group to another. The current generation capability of thermocells is best done by direct measurements. It
must be noted that based on the Tafel equation, short circuit current density scales with exchange current densities
for thermocells provided that ohmic and mass transport
resistance are kept at a minimum.
Using Eqs. (7) and (8), the power conversion efﬁciency
(Eq. (4)) can be expressed as shown in Eq. (10).
<P=

0 25VOCISC
KA �T /d)

(10)

A direct comparison of power conversion efﬁciency of
different power conversion devices would be inaccurate,
owing to complications that arise from the difference in
operating temperatures used. A convenient method of standardizing power conversion measurements in thermal converters is to compare their power conversion efﬁciency
relative to that of a Carnot engine operating between the
same temperatures <Pr (Eq. (11)).
<P
<Pr =

Thermogalvanic cell operating at �T

potential (point A) to point B. The linear portion (point B to
point C) is representative of the ohmic overpotential. At
high currents, mass transport overpotential effects (drawing current produces net electrode reactions that induce an
accumulation of reaction products and depletion of reactants) cause the sharp decrease from point C to point D. For
ideal thermocells, (dashed line in Fig. 4) activation
overpotential or ohmic overpotential would be negligible so
as not to decrease the potential difference delivered by the
cell from its equilibrium value. Furthermore, the mass
transport overpotential effects are represented by a vertical
drop from point E to point D; i.e., mass transport overpotential limits the amount of current that can be drawn from
the thermocell.
Consider the behavior of a typical thermocell, the power
delivered is maximum at point C. Thermocell power conversion efﬁciency is at its highest when the area of the
rectangle FCGO (subtended by the E–I curve of a typ- ical
thermocell in Fig. 4) is maximized.16 This happens when the
potential and amount of current delivered at Pmax is large.
The requirements to ensure maximum thermocell power
conversion efﬁciency are:
(1) an electrolyte that has a high Seebeck coefﬁcient. This
will yield a large potential difference for a given temperature gradient; i.e., line OF is larger for electrolytes with
a high Seebeck coefﬁcient for a given activation
overpotential.25, 28

(11)

(2) The three overpotentials (activation, ohmic and mass
transport) need to be kept to a minimum in order to ensure

This facilitates relatively accurate comparisons of thermogalvanic cells having different operating conditions, i.e.,
thermal gradient, electrolyte, electrode separation, etc. 16

that the current delivery capability of the thermocell is
maximized; i.e., line FC will be as long as possible.16
(3) The ratio of the ﬂux of charge carriers between the
anode and cathode (electrical conductivity, u ) to the ﬂux
of heat ﬂowing from the hot to cold electrode (thermal
conductivity, K) should be as large as possible. Solvents
with low thermal conductivity are ideal.29

<PCarnot engine operating at �T

2.2. Key Factors in Thermocell Efﬁciency
When current is drawn from an electrochemical cell, the
effects on potential difference may be plotted as shown in
Figure 4. Said curves describe the current delivery capabilities of fuel cells,31 storage batteries, photoelectrochemical
cells,32 and thermogalvanic cells.22, 28 Typical thermocell
behaviour would be that represented by the curve ABCD.
The effect of activation overpotential accounts for the initial decline in potential difference from the equilibrium

As mentioned, to ensure maximum current delivery capability, activation, ohmic and mass transport overpotentials
need to be kept to a minimum. Ohmic and mass trans- port
overpotential may be minimized through electrolyte
selection and careful cell design. Our previous work on the
effects of ferri/ferro cyanide electrolyte concentration
5

on thermocell performance revealed that electrolyte conductivity scales with the redox couple concentration. 33
Lower electrolyte resistance is desirable as ohmic overpotential is dominated by electrolyte resistance at large
electrode separations. By keeping the electrodes far apart,
mass transport overpotential will increase owing to the fact
that ions would need to travel a greater distance. However,
electrodes should not be positioned too close (despite a
decrease in mass transport overpotential) as it will be harder
to retain a high thermal gradient in the cell, thus lowering
power conversion efﬁciency.34 The acti- vation
overpotential is dictated by the activation barrier needed for
electron transfer and may be mitigated by using catalytic
electrodes.35

3. RECENT DEVELOPMENTS IN
THERMOCELL ELECTRODE MATERIALS
As with most electrochemical systems, initial studies on
thermocells utilized platinum electrodes owing to its catalytic properties and non-reactive nature. Power conversion
efﬁciency relative to a Carnot engine of 1.2% was attained
using platinum electrodes and a mechanical stirrer to circulate the electrolyte. This external power input is undesirable as it adds considerable cost to the thermoenergy
conversion process. Thermogalvanic cells wherein circulation of the electrolyte was not used are only able to attain an
efﬁciency relative to a Carnot engine of around 0.5%.16 The
cost of platinum, together with low power conversion
efﬁciency has kept thermocells from becoming commercially viable.
Large current densities are desirable in thermocells as
these result in enhanced power generation capabilities. This
may be realized by using a higher concentration of redox
mediator in the electrolyte, exposing the electrodes to a
larger thermal gradient, and increasing the number of
possible sites wherein the redox reactions can occur. 14 This
last point may be attained through the use of nano-carbon
electrodes.
The discovery of carbon nanotubes (CNTs) in 1991 led
to extensive research on this material, particularly in electrochemical applications.36–43 A CNT could be an individual layer of carbon atoms bonded in a hexagonal lattice that
has been rolled up to have a cylindrical shape, this
is
known as a single-walled carbon nanotube (SWNT).
If
several layers of carbon atoms are rolled up concentri- cally
the resulting structure is called a multi-walled carbon
nanotube (MWNT).44, 45 The nanometer diameter of CNTs,
coupled with its unique aspect ratio allows porous electrodes to be fabricated.46 The speciﬁc surface area (SSA) of
CNTs falls in the range of 50–1315 m2/g, depending on the
number of walls present.47–50
Graphene has a structure similar to CNTs, in the sense
that it is composed of a single layer of carbon atoms bonded
in a hexagonal lattice.51–53 However, graphene is not rolled
up into a cylinder but instead is an unrolled

Figure 5. (A) Image, (B) micrograph of a SWNT bucky paper formed by
vacuum ﬁltration.

sheet of carbon.54, 55 Recent studies have shown that this
nano-carbon has exceptional electrical, thermal, mechanical, and optical properties.53, 56–61 Several “green” technologies are being developed using graphene owing to its
unique structure.62–69 Of note is the SSA of this material
which is 2630 m2/g, making it attractive for energy storage
and thermo energy conversion applications.33, 63, 70
Both CNTs and graphene possess fast electron trans- fer
rates with the ferri/ferro cyanide redox couple. 71, 72 As
mentioned previously, this redox couple has a relatively
high Seebeck coefﬁcient which is why it has been stud- ied
extensively in thermocell applications. The high SSA of
CNT and graphene allows the fabrication of porous
electrodes which possess a large area wherein the redox
reactions necessary for thermo energy conversion may
occur.73 These carbon electrodes are also stable over a wide
range of temperatures. The combination of these fac- tors
allow the generation of large amounts of power in
thermocells.
Nano-carbons are normally exfoliated in the liquid
phase as their properties are inferior when they are allowed
to form aggregates. These nano-carbon dispersions are
usually ﬁltered to obtain sheets or bucky papers (Fig. 5)
which are used as electrodes in thermocell and other electrochemical applications.74–77
3.1. CNTs: SWNT and MWNT Electrodes
The ﬁrst reported thermocell that utilized carbon electrodes
was that developed by Hu et al.15 A schematic diagram of
this device is shown in Figure 6; wherein an electrolyte
concentration of 0.4 M ferri/ferro cyanide was employed,
electrodes were kept 5 cm apart, Thot 65
= ×C, and Tcold =
×
4 C. Using MWNT (less than 1% catalyst and tube diameter 10
∼ nm) bucky paper electrodes with an area of
0.5 cm2 an areal power density of 1.36 W/m2 was attained.
Platinum electrodes tested using identical conditions produced 33%
∼ less power.
Kang et al. developed a vertical thermocell (Fig. 7)
wherein the hot electrode (46.4 ×C) was oriented above the
cold electrode (26.4 ×C).14 The electrodes were kept 4 cm
apart with a glass frit separator and 0.2 M ferri/ferro cyanide
was used as the electrolyte. They tested SWNT (ASA-100F
Hanwha Nanotech, tube diameter 1.3 nm, 20–30
∼ wt.%
CNTs, 40 wt.% carbon nanoparticles, 20 wt.%

Figure 6. Schematic of the U-Cell used by Hu et al. for thermal harvesting. Reprinted with permission from [15], R. Hu, et al., Nano Lett. 10,
838 (2010). © 2010, American Chemical Society.

catalyst material, 10 wt% amorphous carbon and graphite)
bucky paper electrodes with an area of 0.25 cm 2 and were
able to attain a mass power density of 5.15 W/kg. Ohmic
resistance of the SWNT electrode, obtained via electrochemical impedance spectroscopy (EIS) was measured to
be 22 0.
Using the same conditions and commercially available
puriﬁed SWNT (P-SWNT, ASP-100F Hanwha Nanotech,
60–70 wt.% nanotubes, 10 wt.% catalyst material, 20 wt.%
graphite impurities) a mass power density of 6.8 W/kg was
generated. The thermal and acid treatment involved during
puriﬁcation resulted in an ohmic resistance of 21 0. This
lower resistance of the P-SWNT accounts for the 32%
increase in power density as compared to SWNT.
Said group also tested puriﬁed MWNT (P-MWNT,
SMW100 Southwest Nanotechnologies Inc., 3–6 walls,
median tube diameter ∼6.6 nm, 98 wt.% carbon) bucky
papers. A mass power density (6.13 W/kg) slightly lower
than the P-SWNT was attained despite the lower ohmic
resistance of 18 0. The authors attribute the higher power
generated by the P-SWNT to its higher SSA.

Figure 7. Thermocell used by Kang et al. Reprinted with permission from
[14], T. J. Kang, et al., Adv. Funct. Mater. 22, 477 (2012). © 2012, John
Wiley & Sons, Inc.

3.2. Functionalized CNT Electrodes
The current breakthroughs in CNT research have allowed
the functionalization of these carbon materials with speciﬁc atoms so as to attain desired properties.78–80 This process is known as doping.81 Doping CNTs with nitrogen or
boron atoms will enhance certain properties thus facil- itate
better performance.82–84 By doping CNTs with boron
(BCNT) an increase in edge plane sites is induced, this
increases the rate of electron transfer and increases the catalytic activity.85, 86 Doping CNTs with nitrogen (NCNT) has
been shown to enhance electrocatalytic activity in oxy- gen
reactions.87 Integrating nitrogen atoms into the carbon
lattice resulted in additional electrons carriers for the conduction band thus increasing electronic conductivity.88
NCNT and BCNT were tested using a U-cell (Fig. 8) with
Thot
= 60 ×C and Tcold = 20 ×C. Electrodes of
2
0.178 cm were immersed in 0.1 M ferri/ferro cyanide
solution.35 Various symmetric and asymmetric (NCNThot
BCNTcold, −BCNThot NCNTcold) electrode
conﬁgurations
−
were tested.
By functionalizing CNTs, an increase in thermocell performance owing to decreased activation overpotential was
expected.14 However, all tests resulted in lower power density for symmetric and asymmetric conﬁgurations of the
doped electrodes (Fig. 9(A)).35 It was surmised that the
positively charged potassium counter ion of the ferri/ferro
cyanide solution (K3Fe(CN)6/K4Fe(CN)6) was repulsed by
the positively charged boron atoms.89 This electro- static
repulsion at the electrolyte-electrode interface is
reﬂected in the cyclic voltammogram (CV) of BCNT in the
ferri/ferro cyanide solution (Fig. 9(B)). The larger peak
separation in the CV of BCNT as compared to CNT is
indicative of sluggish electron transfer kinetics.90 The negative charge of the nitrogen atoms resulted in a high density of the potassium counter ion around the electrodes. This
prevented the redox reactions necessary for thermo energy
conversion from occurring. This is also reﬂected in

Figure 8. Schematic of the thermocell used by Salazar et al. Repro- duced
with permission from [35], P. F. Salazar, et al., J. Electrochem. Soc. 159,
B483 (2012). © 2012, Electrochemical Society.
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Figure 9. (A) Short circuit current (Isc) against open circuit voltage (Voc) for various electrodes tested by Salazar et al. (B) Cyclic voltammograms of
various electrodes tested by Salazar et al. in 0.1 M K3 Fe(CN)6 /K4 Fe(CN)6 run at 100 mV/s versus Ag/AgCl reference electrode. Reproduced with
permission from [35], P. F. Salazar, et al., J. Electrochem. Soc. 159, B483 (2012). © 2012, Electrochemical Society.

the CV of the NCNT (Fig. 9(B)), which has larger peak
separation as compared to CNT.
The asymmetric conﬁgurations of NCNT and BCNT
depict that at low thermal gradients (less than 14∼×C) the
short circuit current generated is greater than the symmetric conﬁgurations (Fig. 9(A)).35 Reaction rates at the
cold side of the thermocell would be slightly slower than at
the hot side, due to faster kinetics at high tempera- tures.
With the NCNT at the hot side of the thermocell, the
electrolyte surface concentrations are lower owing to the
faster kinetics. The slower reaction rates at the cold BCNT
electrode results in an accumulation of reactants
at this side of the thermocell; thus countering the repul- sive
electrostatic effects. These two factors facilitate the
production of higher power density. However, at thermal
gradients greater than 14 ×C the concentration of the potassium counter ion in the vicinity of the NCNT electrode is
increased. This results in the “blocking” effect on the NCNT
which is detrimental to power generation and is reﬂected in
the decrease of short circuit current. With the NCNT
electrode on the cold side, the slower kinet- ics brought
about by the lower temperature facilitates the
build-up of the potassium counter ion. Hence, the decrease
in power generation capabilities is observed at a lower
thermal gradient.
3.3. Reduced Graphene Oxide and
Composite Electrodes
The use of pristine graphene is impractical for most
electrochemical applications as a great amount would be
required. One way to obtain large quantities of this is via
chemical conversion wherein the graphite is oxidized,
exfoliated, and then subsequently reduced.91, 92 The oxidation step is necessary to make the graphene oxide sheets
hydrophilic thus allowing exfoliation.53 The result- ing
material has properties similar to graphene and is known as
reduced graphene oxide (rGO). A cross-section of an rGO
bucky paper is shown in Figure 10, clearly depicting the
sheet like structure of this material.
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Kang et al. investigated the use of rGO as electrode
materials for thermocells.14 They employed the same
thermocell (Fig. 7) and similar conditions (mentioned
in Section 3.1) for the evaluation of SWNT, P-SWNT
and P-MWNT as electrodes. Despite the many attractive
properties of rGO, it was only able to generate a mass
power density of 3.87 W/kg, roughly 57% less than the
value attained through the use of P-SWNT. This could
be explained by the high ohmic resistance of rGO measured by EIS, which was 35.6 0. The ∼ 55% increase in
ohmic resistance may be attributed to the residual oxygen
containing functional groups on the rGO lattice. Furthermore, the sheet-like structure of rGO may impede diffusion of the redox couple in and out of the electrode. We
attained similar results to Kang et al. in our investigation
of the effect of electrolyte concentration on thermocell performance using rGO bucky paper electrodes.33 Using the
optimum concentration of 0.4 M ferri/ferro cyanide, a Ushaped cell (Fig. 11), Thot = 80 ×C and Tcold = 20 ×C, and
electrodes sized 1.5 cm ×
0 5 cm we attained a mass power
density of 25.51 W/kg. Normalizing the power density
to the temperature gradient (Pmax /�T 2) we obtain 7 09 ×
10−3 W/kg-K2, similar to that obtained by Kang et al.
3
(9 68 × 10−
W/kg-K2).14, 33
The similarities in structure of CNTs and rGO have led
to synthesis of composites of these two carbon materials.93,
94
A wide range of applications has been found for CNTrGO composites, of note is their performance

Figure 10. Cross-section of an rGO bucky paper.

Figure 11. Schematic diagram of the thermocell used by Romano et al.
Reproduced with permission from [33], M. Romano, et al., J. Therm. Anal.
Calorim. 109, 1229 (2012). © 2012, Springer Science Business+Media.

as electrodes in electrochemical systems.95–97 SEM image
(Fig. 12) of an SWNT-rGO composite clearly shows the
interaction of these two nano-carbons.
PSWNT-rGO composite (1:1 weight ratio) electrodes
tested by Kang et al. using the same thermocell and conditions described in Section 3.1 were able to produce a mass
power density of 5.3 W/kg.14 Despite a signiﬁcant
improvement in power density compared to the rGO electrode, the composite generates 22% less power than PSWNT. As mentioned previously, the synthesis of rGO
involves oxidizing graphite. The oxygen containing functional groups are not fully removed during the reduction
step resulting in defects on the surface of the rGO sheets.
These defects resulted in a higher ohmic resistance of the
PSWNT-rGO electrode as compared to the P-SWNT which
led to inferior thermocell performance. It must be noted that
the work performed by Kang et al. was focused on
understanding the fundamentals of thermocells employ- ing
nano-carbon electrodes. Optimization of the electrode
material was not carried out.
In our recent work on SWNT-rGO composites, we optimized the composition and thickness of the thermocell
electrode material. SWNTs were sourced from HiPco,
Continental Carbon Nanotechnologies Inc. and rGO was
synthesized using a modiﬁed Hummers method followed

Figure 12. SWNT-rGO composite clearly showing interaction of the two
nano-carbons.

Figure 13. Schematic of the T-cell used by Romano et al. In their
investigation of SWNT-rGO composite electrodes. Reproduced with permission from [17], M. S. Romano, et al., Adv. Mater. (2013). © 2013,
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

by microwave exfoliation. Experiments were carried out
using a T-Cell (Fig. 13) with a thermal gradient of ~31 ×C
and 0.4 M ferri/ferro cyanide solution.17 Electrodes are held
against stainless steel bars that are heated and cooled by a
heating coil and cooling jacket respectively.
Optimization of the nano-carbon composite electrodes
revealed that a composition of 90% SWNT and 10% rGO
(by weight, henceforth referred to as 90–10) and a thickness of 4.5 µ,m generates the largest areal power density
(0.46 W/m2). This performance may be attributed to the
balance between electroactive surface area and ﬁlm tortuosity of said electrode; i.e., the micro and mesoporos- ity
is tailored to maximize the electroactive surface area. CVs
(Fig. 14) of the various electrode compositions tested reveal
increased faradaic peak current density for the 90– 10
electrode. Since the electrodes display reversible kinet- ics,
the increase in faradaic peak currents may be ascribed to
increased electroactive surface area.98
A comparison of the CVs of the 90–10 electrode of
various thicknesses (Fig. 15(A)) shows that the electroac-

Figure 14. Cyclic voltammograms of the various electrode composi- tions
tested by Romano et al. Reproduced with permission from [17],
M. S. Romano, et al., Adv. Mater. (2013). © 2013, WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.
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Figure 15. (A) Cyclic voltammograms obtained at 10 mV/s and (B) Nyquist plots generated using 90% SWNT-10% rGO electrodes of increasing
thickness. Reproduced with permission from [17], M. S. Romano, et al., Adv. Mater. (2013). © 2013, WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.

tive surface area tapers off at 4.5 µ,m. These results are
consistent with the Nyquist plot (Fig. 15(B)) which indicates that charge transfer resistance (Rct, diameter of the
semicircle) scales with ﬁlm thickness. The increased Rct is
indicative of the tortuous nature of the 90–10 electrode as
ﬁlm thickness is increased. The random nature of the pores
in the electrode results in a meandering path for ions to
diffuse, a problem that is exacerbated in thicker ﬁlms.

4. DEVELOPMENTS IN THERMOCELL AND
ELECTRODE DESIGN ATTAINED
THROUGH THE USE OF NANO-CARBONS
Research into CNTs and graphene electrode materials has
facilitated improvements in thermocell design. The ﬂexible nature of nano-carbons has enabled developments of
thermocells that may be wrapped around curved or irregularly shaped surfaces. Nano-carbons may also be grown
directly onto thermocell housing so as to decrease contact
resistance.15
4.1. Flexible Thermocell
Thermocell applications are not limited to situations
wherein waste heat is harvested from ﬂat surfaces. Several

scenarios exist in which heat may be recovered from
irregularly shaped surfaces, such as heating/cooling lines in
power plants and car exhaust pipes. One electrode can be
placed in contact with the heating/cooling pipe and the
other electrode’s temperature will be regulated by the
ambient. Recently, Hu et al. developed a ﬂexi- ble
thermocell.15 The schematic layout (Fig. 16(a)) shows that
two layers of Nomex HT 4848 are used to sepa- rate the
two MWNT bucky paper electrodes. The esti- mated
distance between electrodes is 2 mm. The entire assembly
is encased in a stainless steel sheet and held in place by
glue and clamps. 0.4 M ferri/ferro cyanide solution is
injected using a syringe to saturate the Nomex separator
with electrolyte, after which the hole is sealed. By wrapping
the ﬂexible cell around a cooling pipe with a resistive
heater then wrapped around it (Fig. 16(b)), an areal power
density of 0.039 W/m2 was generated. A maximum Voc
of 21 mV was attained. Using the See- beck coefﬁcient of
the electrolyte (1.4 mV/K) the Voc is equivalent to a thermal
gradient of 15 ×C across the two electrodes. Despite the
small separation distance, a rela- tively large temperature
gradient was attained because of the Nomex separator used.
Through the use of this ﬂex- ible thermocell a Pmax /�T 2
of 1 8 10−4 W/m2-K2 was achieved. ×

Figure 16. (a) Schematic diagram (b) ﬂexible thermocell covering a cooling pipe with a heater wrapped around it. Reprinted with permission from
[15], R. Hu, et al., Nano Lett. 10, 838 (2010). © 2010, American Chemical Society.
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4.2. Scrolled Electrode Thermocell
As mentioned previously, thermocells using platinum electrodes without circulation of the electrolyte are only able to
attain an efﬁciency relative to a Carnot engine of around
0.5%.16 This is mainly due to the small surface area available for the redox reactions to occur in platinum. Through
the use of MWNT bucky paper scrolled electrodes the relative efﬁciency was increased by almost three fold; yielding
an efﬁciency of 1.4% relative to a Carnot engine. 15 Aside
from the larger electroactive area available in the MWNT
bucky paper, it is surmised that the scrolled electrode conﬁguration reduces the heat loss channel. As mentioned in
Section 2.2, small interelectrode separations are desir- able
as the mass transport overpotential is minimized.34
However, a shorter distance between electrodes requires a
larger thermal input to maintain the same thermal gradi- ent,
thus reducing thermocell efﬁciency. Since the scrolled
electrode conﬁguration mitigates heat loss, a large ther- mal
gradient can be maintained despite small inter elec- trode
separation thus enhancing both mass transport and
efﬁciency. A schematic diagram of the scrolled electrode
thermocell is shown in Figure 17. MWNT bucky papers
(weighing 0.5 mg) were rolled into a scroll with a diameter
of 0.3 cm and placed inside a glass tube. The electrodes
were immersed in 0.4 M ferri/ferro cyanide solution and
×
×
kept 5 cm apart. Using Thot 65
an
= C and Tcold 5 C,
=
2
areal power density of 1.8 W/m was obtained. This
−4
2
2
corresponds to Pmax /�T 2 of 5 10
× W/m -K and apower
conversion efﬁciency of 0.24%.
4.3. Coin Cell
Nano-carbons may be synthesized in various ways, one of
which is chemical vapour deposition (CVD). CVD results
in the deposition of CNTs or graphene from the gas phase.
One advantage of this method in CNT synthesis is that the
deposition parameters may be adjusted to obtain highly
oriented CNTs on planar substrates.99
Thin thermocells; i.e., coin cells (Fig. 18), have been
developed with MWNTs grown via CVD.15 A trilayer catalyst (30 nm Ti, 10 nm Al, 2 nm Fe) was used to grow

Figure 17. Scrolled electrode thermocell. Reprinted with permission from
[15], R. Hu, et. al., Nano Lett. 10, 838 (2010). © 2010, American Chemical
Society.

Figure 18. Coin cell for power conversion at low thermal gradients.
Reprinted with permission from [15], R. Hu, et al., Nano Lett. 10, 838
(2010). © 2010, American Chemical Society.

MWNT forests, around 100 µ,m tall, directly onto the thermocell casing. Nomex separators impregnated with 0.4 M
ferri/ferro cyanide solution was used to keep the elec- trodes
apart. Using a 60 ×C temperature difference an areal power
density of 0.980 W/m2 was attained. Normalizing the power
density to the temperature gradient (Pmax /�T 2 )a value of 2
72 10−4 W/m2×
-K2 is obtained. Coin cells with MWNT bucky
paper electrodes, subjected to a tempera- ture difference of
45 ×C produced an areal power density of 0.389 W/m2. The
normalized power density of the coin cell with the bucky
paper electrodes (1 92 10−4 W/m2- K2) is ×
lower than that
of the coin cell with MWNTs grown via CVD. The 30%
lower power conversion efﬁciency attained using the
MWNT bucky paper electrodes may be attributed to the
following: The thermal resistance for MWNT bucky papers
is 0.05 cm2-K/W whereas that of the MWNT forest is only
0.01 cm2-K/W, this leads to a larger loss of thermal energy
at the electrode/thermocell casing junction.100, 101 Another
factor would be the nano- tube alignment in the MWNT
forests as this facilitates faster ion diffusion.
4.4. Stacked Electrode Conﬁguration
Using optimized SWNT-rGO composite electrodes (discussed in Section 3.3) a stacked electrode conﬁguration
(Fig. 19) was developed to further increase the electroactive surface area of the nano-carbon ﬁlms.17 Said conﬁguration consists of alternating layers of stainless steel mesh
and the 4.5 µ,m thick 90–10 electrode. The stainless steel
mesh acts as a separator between the SWNT-rGO ﬁlms,
allowing the electrolyte to interact with the high surface area
of the nano-carbons while facilitating ionic diffusion. It also
maintains a conductive path for electrons between the
individual ﬁlms. The conditions used in thermal har- vesting
experiments are stated in Section 3.3. Thermo- cells testing
with ten stacked ﬁlms per half-cell (10-stack conﬁguration)
yield a four-fold increase in areal power density (1.85
W/m2) as compared to a non-stacked conﬁg- uration (0.46
W/m2). The 10-stack conﬁguration attained an efﬁciency
relative to a Carnot engine of 2.63 %. This is currently the
largest reported <Pr in thermocells and more importantly is
already within the range for commercial viability (<Pr
between 2 to 5%).16
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Figure 19. Schematic of the stacked electrode conﬁguration, stainless steel
mesh is colored red to differentiate from the SWNT-rGO ﬁlm. Reproduced
with permission from [17], M. S. Romano, et al., Adv. Mater. (2013). ©
2013, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

5. PERSPECTIVES AND FUTURE
DEVELOPMENT
Economic growth of rapidly developing countries will lead
to an increase in energy consumption. This will result in the
increase in the price of oil, as has been shown in the past
few years wherein the cost per barrel ($28 in 2003) went up
by more than $50 in three years.102, 103 Another concern with
fossil fuel usage is the pollution that is asso- ciated with fuel
extraction, processing and transport.104 One way to generate
“clean” energy is to effectively utilize wasted heat. Current
energy conversion systems generate excess heat which may
be harvested and used to improve their efﬁciency.
By using nano-carbon electrode materials the performance of thermocells is signiﬁcantly enhanced owing to
their fast electron transfer kinetics and high surface area. A
record power conversion efﬁciency relative to a Carnot
engine of 2.63% was attained through the use of stacked
SWNT-rGO composite electrodes.17 The stacked electrode
is structured such that ions may diffuse freely while a high
electroactive surface area and good electrical conductivity
are maintained. This important breakthrough is made possible by the porous nature of nano-carbon ﬁlms developed.
Furthermore, the excellent mechanical properties and stability in a variety of environments of nano-carbons has led
to signiﬁcant improvements in thermocell design. Flexi- ble
thermocells that may be used on irregularly shaped surfaces
are now possible. Further developments in ther- mocells,
with units arrayed in series may lead to enhanced enhanced
voltage output. Developments in nano-carbon synthesis
will result in decreased costs of these materi- als. This
decreased production cost coupled with improve- ments in
thermocell design and electrode properties will allow these
devices to harvest low grade heat economi- cally.
Commercialization of thermocells will maximize the
efﬁciency of energy systems thus help meet future energy
demands.
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